Introduction
============

Nucleation is the bridge between nanocrystals and isolated metal atoms or species[@cit1],[@cit2] and has a fundamental impact on nanocrystals, atomically dispersed metal materials and their applications in natural engineering and medicine.[@cit3],[@cit4] Very recently, the nucleation and growth of solids in solution have been directly observed by *in situ* studies.[@cit5],[@cit6] As confirmed by Mirsaidov *et al.*[@cit6] through *in situ* transmission electron microscopy (TEM) studies, we have noted that efficient control of the solid nucleation process is essential for the synthesis of atomically dispersed materials and homogeneous nanocrystals. The related classical nucleation theories (CNT) and several other theories, such as colloidal stability,[@cit7] precursor chemistry,[@cit8] and reaction kinetics,[@cit9] are still contradictory. Despite all this, the synthesis of atomically dispersed metal materials *via* suppressing the agglomeration of isolated atoms or species can be achieved by (i) directly impeding the nucleation process of individual atoms[@cit10]--[@cit12] or (ii) anti-Ostwald ripening of nanocrystals.[@cit13],[@cit14] As for anti-Ostwald ripening methods, despite their improvements, these approaches have some disadvantages. For instance, in the decomposition of nanocrystals, the anti-Ostwald ripening method largely depends on a high-temperature annealing process, which is not only limited by the used clusters and nanocrystals but is also unsuitable for large-scale preparation and applications. In contrast, the atomically dispersed metal prepared by impeding the nucleation process of individual atoms can be easily controlled and synthesized, especially in solution. Recently, it has been shown that using an appropriate support material that strongly interacts with the metal species may prevent their nucleation and aggregation, to create stable and atomically dispersed metals.[@cit15]--[@cit17] However, the significant high surface free energy of isolated atoms may lead to unmanageable agglomeration of atoms, which may thereby limit their applications;[@cit18],[@cit19] thus, it is significantly important that the metal atoms or species should be atomically dispersed in solution at the initial step of synthesis.

The solution reaction and nuclei formation process are closely linked with the kinetics of reaction in solution and are critical factors during the preparation process. Previously, our group has developed iced-photochemical reduction, in which reactants and products were fixed in the solid phase (ice), and the nucleation process of atomic metals was successfully hindered in the special solid-phase reaction.[@cit20] Additionally, we reported that a previously frozen reactant solution could melt in another reactant solution, thus causing ultra-slow release of reactants, providing consistently low concentration and resulting in atomically dispersed metal solutions in a controlled solid--liquid reaction.[@cit21] While the diffusion and localized reactant concentration are among the most important factors for nucleation of synthetic products, we propose that temperature plays a very important role in controlling the reaction kinetics and nuclei formation process in most liquid-phase reactions. In this study, we investigate the reaction temperature, which has great thermodynamic and kinetic effects on the nucleation process of nanocrystals.[@cit22]--[@cit24] Initially, inspired by the classical nucleation theory,[@cit25],[@cit26] we study an interesting and important question: how different the products will be when solution reactions run at ultralow temperatures? Meanwhile, we also find that temperature plays a significant role in the non-classical nucleation theories for nanocrystal formation.[@cit7]--[@cit9] Despite this inference, several investigations on the nucleation process of metal nanocrystals at ultralow temperature have been conducted.

Herein, we developed an ultralow-temperature photochemical reaction, in which chloroplatinic acid (H~2~PtCl~6~) in an antifreeze solution containing ethyl alcohol and water was irradiated with ultraviolet light at --60 °C. Atomically dispersed platinum adsorbed in NMC (Pt~1~/NMC) was successfully synthesized by this ultralow-temperature reaction. Compared with the commercial platinum/carbon catalyst and Pt nanoparticle catalyst synthesized at room temperature, the Pt~1~/NMC exhibited superior catalytic activity and stability in electrocatalytic water-splitting reaction in acidic solutions. It also had lower overpotential (approximately 55 mV at 100 mA cm^--2^) and showed nearly no observable decay of HER activity after 5000 cyclic voltammetry (CV) cycles.

Results and discussion
======================

The schematic illustration of the syntheses is displayed in [Fig. 1](#fig1){ref-type="fig"}. Here, a typical solution synthesis in which Pt^4+^ is reduced to Pt (eqn (1)) is used as an example.

![Schematic illustration of the synthesis of atomically dispersed Pt. Comparison of the conventional photochemical reaction at room temperature (top) and the designed ultralow-temperature (--60 °C) photochemical reaction (bottom); the nucleation process of isolated atoms was prevented and atomically dispersed Pt was synthesized at --60 °C.](c8sc04986f-f1){#fig1}

H~2~PtCl~6~ can be reduced by ultraviolet light. In the conventional solution-photochemical reaction, platinum nanoparticles are synthesized at room temperature following photochemical reduction. During the reaction, the reduced Pt atoms can nucleate, grow, and form Pt nanocrystals; this is usually regarded as the general synthesis method for metal nanocrystals. In contrast to the conventional photochemical reduction, our photochemical reaction was designed to be carried out at ultralow temperature. After the H~2~PtCl~6~ antifreeze aqueous solution containing ethyl alcohol was incubated at --60 °C, it was irradiated with UV light at --60 °C ([Fig. 1](#fig1){ref-type="fig"}). Because the reaction temperature can play a significant role in the nucleation process, its kinetics, *i.e.* the nucleation barrier, increase with decreasing temperature. In such an ultralow-temperature (--60 °C) reaction, nucleation was suppressed by the ultralow temperature, and atomically dispersed Pt was thus obtained at ultralow reaction temperature.

The aberration-corrected high-angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) images of Pt~1~/NMC are shown in [Fig. 2b](#fig2){ref-type="fig"}. The Pt~1~/NMC was synthesized after the prepared atomically dispersed Pt solution was mixed with nitrogen-doped mesoporous carbon and then stirred for one hour (to allow complete adsorption and binding), compared with Pt nanoparticles prepared at room temperature ([Fig. 2a](#fig2){ref-type="fig"}). A large number of atomically dispersed Pt atoms adsorbed on the NMC surface (dots exhibiting bright contrast) could be seen, and the examination of different regions revealed that almost no clusters or small particles were present in the vicinity of the isolated atoms (Fig. S1[†](#fn1){ref-type="fn"}). The isolated Pt atoms were approximately 0.1 nm in size (Fig. S2[†](#fn1){ref-type="fn"}). The X-ray diffraction (XRD) pattern of Pt~1~/NMC is also in good agreement with that of the NMC, in which the Pt phase was not detected (Fig. S3[†](#fn1){ref-type="fn"}). Moreover, Pt nanocrystals were not observed in the high-resolution (HR) TEM images, indicating that the Pt species are homogeneously and uniformly dispersed in NMC (Fig. S4[†](#fn1){ref-type="fn"}). This is consistent with the above STEM results. To determine the chemical state and coordination environment of the prepared samples, X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS) were performed. Fitted peaks of the dominant nitrogen species of Pt~1~/NMC in N 1s XPS spectra centered at the binding energies of 400.8 and 398.5 eV were assigned to pyridinic-N and graphitic-N, respectively (Fig. S5[†](#fn1){ref-type="fn"}), which may serve as anchor points for isolated Pt atoms. In agreement with the N 1s spectra, the Pt 4f binding energy of Pt~1~/NMC in Pt 4f XPS spectra (Fig. S6[†](#fn1){ref-type="fn"}) was red-shifted (by 2.5 eV) to 72.7 eV, which was higher than the energy of Pt foil (71.2 eV). Such a positive shift is similar to the shift observed in Pt 4f from the bulk state to isolated Pt atoms, which is due to the well-known strong interaction between isolated Pt atoms and NMC.[@cit13],[@cit27] X-ray absorption fine structure (XAFS) can probe the local atomic and electronic structure of absorbing atoms. The white-line intensities in the normalized X-ray absorption near edge structure (XANES) spectra reflect the oxidation state of Pt. As shown in [Fig. 2c](#fig2){ref-type="fig"}, the atomically dispersed Pt adsorbed in NMC had increased white-line intensity compared with Pt nanoparticles and Pt foil, indicating the oxidation of Pt atoms in Pt~1~/NMC. In the extended XAFS (EXAFS) spectra, there is only one prominent peak centered at approximately 2.1 Å which originated from the Pt--C/N/O contribution in Pt~1~/NMC ([Fig. 2d](#fig2){ref-type="fig"} and Table S1[†](#fn1){ref-type="fn"}). In contrast to Pt~1~/NMC, an obvious peak at approximately 2.76 Å from the Pt--Pt contribution in Pt/NMC and Pt foil was observed. It is an indication that Pt~1~/NMC contains only single Pt atoms, consistent with the STEM results.

![Characterization and AIMD simulation of atomically dispersed Pt. (a) STEM images of Pt nanoparticles prepared at room temperature. (b) STEM images of atomically dispersed Pt synthesized *via* the ultralow-temperature photochemical reaction. (c) Normalized XANES spectra at the Pt L~3~-edge. (d) Extended X-ray absorption fine structure spectra of bulk Pt foil, Pt nanoparticles and atomically dispersed Pt adsorbed in NMC. (e) Pt-three-coordinate configuration in liquid ethanol. (f) Pt-four-coordinate configuration in liquid ethanol. (g) Energy diagram for Pt--Pt dimer formation at 213 K. (h) Energy diagram for Pt--Pt dimer formation at 298 K. The initial state (IS), transition state (TS) and final state (FS) are shown from left to right. C, H, O and Pt atoms are depicted as gray, white, red and light blue spheres, respectively.](c8sc04986f-f2){#fig2}

The experimental results demonstrated that the atomically dispersed Pt was successfully synthesized in 90% liquid ethanol or pure ethanol solution (Fig. S7[†](#fn1){ref-type="fn"}) at ultralow temperature (213 K or --60 °C). However, once the temperature was raised to 298 K (or 25 °C), Pt atoms were aggregated, in turn forming Pt nanoparticles ([Fig. 2a](#fig2){ref-type="fig"}). To understand the mechanism underlying such temperature-controlled syntheses, the atomically dispersed Pt and its initial nucleation state (Pt--Pt dimer) were analyzed in liquid ethanol at both ultralow temperature (213 K) and room temperature (298 K) using AIMD simulations. First, one Pt atom was placed in liquid ethanol in AIMD simulations at both 213 K and 298 K and the interactions between the isolated Pt atoms and the ethanol molecules were observed. As shown in [Fig. 2e and f](#fig2){ref-type="fig"}, the simulations indicated that the single Pt atom automatically forms either a three-coordinate configuration (Pt~3c~) (Fig. S8[†](#fn1){ref-type="fn"}) or a four-coordinate configuration (Pt~4c~) (Fig. S9[†](#fn1){ref-type="fn"}) with the surrounding ethanol molecules at both temperatures. The Pt atom in the Pt~4c~ configuration is more stable than that in the Pt~3c~ configuration and has bond energies of 0.249 eV and 0.437 eV at 213 K and 298 K, respectively. In the Pt~3c~ configuration, one ethanol molecule releases a proton from the methyl group, while the other provides an oxygen atom. By contrast, in the Pt~4c~ configuration, whereas one ethanol molecule releases a proton from the methyl group, both nearby ethanol molecules provide an oxygen atom. The specific configuration is highly dependent on the orientation of hydroxyl groups around Pt atoms. During the AIMD simulations, the Pt~4c~ configuration was observed when a Pt atom was surrounded by two hydroxyl groups or the Pt~3c~ configuration was observed otherwise.

We calculated the partial density of states (PDOS) for atoms in both Pt~3c~ (Fig. S8,[†](#fn1){ref-type="fn"} right panel) and Pt~4c~ (Fig. S9,[†](#fn1){ref-type="fn"} right panel) configurations. The data clearly showed that the Pt--ethanol interaction in both cases was mainly through the hybridization between the d orbitals of Pt and the p orbitals of C and O atoms below the Fermi level. However, the d-band center of Pt in Pt~4c~ is higher (closer to the Fermi-level) than that in Pt~3c~, which is in good agreement with the fact that the Pt binding energy in the Pt~4c~ configuration is stronger than that in the Pt~3c~ configuration (Table S2[†](#fn1){ref-type="fn"}). Due to the large binding strength and high stability, Pt in the Pt~4c~ configuration may possess a greater percentage than Pt in the Pt~3c~ configuration in ethanol liquid. It should be noted that the absolute oxidation state is difficult to determine by computational methods.[@cit28] Here, the relative oxidation state can be determined based on Bader charge analysis (Table S3[†](#fn1){ref-type="fn"}). As for Pt in the Pt~3c~ configuration, Pt possesses weak binding strength, and only relatively few electrons (+0.063 eV/+0.024 eV at 213 K/298 K) are transferred from the Pt atom to the surrounding ethanol molecules. On the other hand, for Pt in the Pt~4c~ configuration, the Bader charge of Pt is +0.167 eV/0.134 eV at 213 K/298 K, respectively, indicating stronger Pt binding strength in Pt~4c~. Both Pt in Pt~3c~ and Pt~4c~ configurations possess a positive valence state of Pt atoms in Pt~1~/NMC, which is in agreement with the XPS results and previous reports.[@cit13],[@cit27]

Based on Bader charge analysis (Table S3[†](#fn1){ref-type="fn"}), for Pt in Pt~3c~ and Pt~4c~ configurations, partial electrons are transformed from Pt to the surrounding ethanol molecules, which indicated the electrostatic stabilization of the Pt atom. The Pt~3c~ and Pt~4c~ configurations were 3.830 eV/3.985 eV and 4.079 eV/4.372 eV energetically more stable than the dispersive Pt atom in ethanol solution at 213 K/298 K (Table S2[†](#fn1){ref-type="fn"}), thus verifying a good thermodynamic stability of the Pt~3c~ and Pt~4c~ configurations. At the electronic level, the formation mechanisms of Pt~3c~ and Pt~4c~ structures were mainly through the orbital hybridization between the d orbitals of Pt and the p orbitals of C and O atoms (Fig. S8,[†](#fn1){ref-type="fn"} right panel and Fig. S9,[†](#fn1){ref-type="fn"} right panel). Then, the nucleation barriers for all possible cases of two Pt atoms, including configurations of Pt~4c~ + Pt~3c~, Pt~4c~ + Pt~4c~ and Pt~3c~ + Pt~3c~, were systematically investigated ([Fig. 2](#fig2){ref-type="fig"} and Fig. S10 and S11[†](#fn1){ref-type="fn"}) by using the constrained minimization technique to obtain the dimerization barriers.[@cit29],[@cit30] The larger nucleation barriers at 213 K can effectively inhibit the agglomeration of Pt atoms, thus guaranteeing the stabilization of single Pt atoms at low temperature and further confirming that the low temperature can effectively suppress the nucleation processes of metal atoms. Therefore, the isolated Pt atoms were stabilized as a Pt~3c~ or Pt~4c~ structure with larger barrier to agglomeration at 213 K.

To further reveal the mechanism of temperature-controlled synthesis of atomically dispersed Pt, two separated Pt atoms were placed at different configurations in liquid ethanol, and the initial Pt--Pt nucleation mechanism was observed at both 213 K and 298 K using AIMD simulations and transition state search. A few interesting results were obtained as follows: (i) when the two Pt atoms in liquid ethanol were within the proximity of the Pt--Pt bonding state, they spontaneously formed clusters, due to the fact that clusters can easily be formed in high concentration of Pt atoms in ethanol at both high and low temperatures; and (ii) all possible initial configurations of two Pt atoms, including Pt~4c~ + Pt~4c~, Pt~4c~ + Pt~3c~ and Pt~3c~ + Pt~3c,~ were observed prior to the formation of Pt--Pt dimers (Table S2[†](#fn1){ref-type="fn"}). In each case, the calculation results revealed that the barriers for agglomeration for Pt~4c~ + Pt~3c~, Pt~4c~ + Pt~4c~ and Pt~3c~ + Pt~3c~ at 213 K were 0.422 eV, 0.305 eV and 0.219 eV larger than those at 298 K ([Fig. 2g and h](#fig2){ref-type="fig"} and S10 and S11[†](#fn1){ref-type="fn"}). The reason is mainly due to the structural effect; the volume of ethanol liquid is negatively correlated with the temperature, such that Pt atoms are more tightly surrounded by ethanol molecules when the temperature is decreased. Thus, the nucleation process at 298 K proceeded with an extremely high rate constant compared to that at 213 K in liquid ethanol. These simulation data not only verify the experimental observations but also confirm that the atomically dispersed Pt can be synthesized at ultralow temperature, whereas Pt clusters and nanoparticles with various large sizes are fabricated at room temperature.

The implementation of high-performance and durable platinum-based metal HER catalysts with lower noble metal loading may greatly enable large-scale commercialization of hydrogen evolution.[@cit31]--[@cit34] To achieve this goal, atomically dispersed Pt in NMC can be considered as an ideal catalyst for the HER, because Pt nanocrystals can be downsized to the atomic level and Pt exists as an isolated atom, which is important for water splitting and hydrogen evolution. The HER was studied by linear sweep voltammetry (LSV) *versus* the reversible hydrogen electrode (RHE) on a rotating disk electrode (RDE) in 0.5 M H~2~SO~4~. The catalytic performance of Pt~1~/NMC in the HER was compared with that of commercial Pt/C, Pt/NMC and NMC under the same testing conditions, respectively. The Pt~1~/NMC showed a highly low overpotential of approximately 55 mV at a current density of 100 mA cm^2^ and a rapid increase of the cathodic current with applied potential ([Fig. 3a](#fig3){ref-type="fig"} and S12[†](#fn1){ref-type="fn"}). In contrast, the atomically dispersed Pt absorbed in NMC exhibited HER activity an order of magnitude higher than that of commercial Pt/C and Pt/NMC. NMC exhibited negligible HER activity, confirming that the C~*x*~--N~*y*~ structure in NMC is not the active site for HER activity. The overpotential of Pt~1~/NMC is much lower than the best values achieved by other atomically dispersed metal catalysts, such as atomically dispersed Co, Ni and Pt.[@cit35]--[@cit38] Moreover, it is comparable to those of the best Pt-based catalysts at the same Pt-loading[@cit39]--[@cit42] ([Fig. 3c](#fig3){ref-type="fig"} and Table S4[†](#fn1){ref-type="fn"}). To further test the HER stability of Pt~1~/NMC, 1000 and 5000 cyclic voltammetry cycles from +0.3 to --0.1 V *versus* RHE were conducted. The Pt~1~/NMC after 5000 CV cycles was stable with nearly 100% retention ([Fig. 3d](#fig3){ref-type="fig"}). This indicates that the atomically dispersed Pt adsorbed in NMC is highly stable. On the other hand, the overpotential after 1000 CV cycles of Pt/NMC was increased by 20 mV, whereas that of Pt/C showed obvious decay (increased by approximately 30 mV) (Fig. S13 and S14[†](#fn1){ref-type="fn"}). The data further showed that the atomically dispersed Pt in nitrogen-doped mesoporous carbon had a similar density and almost no formation of clusters or nanoparticles after the stability test (Fig. S15[†](#fn1){ref-type="fn"}). This suggests that the deceased activities of Pt/NMC and Pt/C are caused by the irreversible detachment and/or agglomeration of Pt nanoparticles, while the high stability of Pt~1~/NMC is due to the strong interaction between the atomically dispersed Pt and NMC. Moreover, the mass activity (from 40 mV to 60 mV overpotential *versus* RHE) of Pt~1~/NMC was at least three times greater than that of Pt/C (Fig. S16 and S17[†](#fn1){ref-type="fn"}). This indicates that Pt~1~/NMC exhibited significantly higher mass activity than Pt/NMC and commercial Pt/C. The HER kinetics of Pt~1~/NMC were analyzed using Tafel plots, the linear portions of which were fitted with the Tafel equation *η* = *b* log(*j*) + *a*, where *η* is the overpotential, *j* is the current density, and *b* is the Tafel slope. The Tafel plot for Pt~1~/NMC ([Fig. 3b](#fig3){ref-type="fig"}) showed a highly low value of approximately 26 mV dec^--1^, which is lower than the values for Pt/NMC (32 mV dec^--1^) and commercial Pt/C (31 mV dec^--1^), suggesting that the HER of Pt~1~/NMC may proceed by the Volmer--Tafel mechanism. Additionally, the relatively low Tafel slope of Pt~1~/NMC, derived from the initial HER polarization curve, indicated that Pt~1~/NMC has superior HER kinetics and performances. These findings indicated that the atomically dispersed Pt adsorbed in nitrogen-doped mesoporous carbon (with low consumption of Pt) has significantly enhanced HER activity, mass activity and stability compared with commercial Pt/C.

![HER activities of Pt~1~/NMC. (a) Polarization curves for Pt~1~/NMC, Pt/NMC, commercial Pt/C and NMC. (b) Tafel plots for Pt~1~/NMC, Pt/NMC and Pt/C. (c) Overpotential of different atomically dispersed metal catalysts and Pt-based catalysts in acid solution. (d) Stability of Pt~1~/NMC after 1000 and 5000 CV cycles. The overpotential of catalysts at current densities of 10 mA cm^--2^ and 100 mA cm^--2^ is presented as *η*~10~ and *η*~100~, respectively.](c8sc04986f-f3){#fig3}

The NMC substrate normally contains various types of defects such as single vacancy (SV), double vacancy (DV) and edge vacancy (EV) defects (Fig. S18[†](#fn1){ref-type="fn"}). By using DFT calculations, the stabilities of isolated Pt atoms located in various sites (including SV, DV and EV sites) of the NMC substrate were carefully examined, in which a Pt atom in liquid ethanol was used as the reference state. The DFT calculations indicated that Pt atoms favor the NMC substrate over ethanol; the energy differences Δ*E*~PD~ (Pt detaching from ethanol) for single Pt atoms in NMC-SV, NMC-DV, and NMC-EV sites for Pt~3c~/Pt~4c~ configurations were --1.959/--1.710 eV, --4.681/--4.432 eV and --5.326/--5.077 eV, respectively (Table. S5[†](#fn1){ref-type="fn"}). These negative values clearly support the experimental results showing that the atomically dispersed Pt in liquid ethanol can easily be transferred to the NMC substrate.

According to the Pt binding energy calculations and Bader charge analysis (Table S6[†](#fn1){ref-type="fn"}), NMC substrates with defects (NMC-EV, NMC-SV and NMC-DV) can bind Pt atoms more strongly than the surface with no defects (NMC-ND). This suggests that the larger the binding strength of Pt, the greater the charge transferred from Pt to C and N atoms of the NMC substrate. Furthermore, as shown in [Fig. 4a](#fig4){ref-type="fig"}, DFT calculations revealed that the atomically dispersed Pt is more stable than Pt dimers (with Δ*E* in NMC-EV, NMC-SV and NMC-DV of --1.319, --1.765 and --5.026 eV, respectively) at the corresponding defective point/edge sites, whereas the atomically dispersed Pt in NMC-ND can easily form clusters. These data are in good agreement with the experimental observation that Pt atoms on defective NMC preferentially remained isolated rather than forming clusters.

![DFT analysis of HER activity. (a) Schematic diagrams of sites for atomically dispersed Pt and Pt--Pt dimers in NMC substrates. (b) The free energy diagrams for different H concentrations on a Pt atom in NMC-DV and NMC-EV sites. (c) Calculated activation barriers of H--H association reactions near Pt atoms at NMC-SV, NMC-DV and NMC-EV sites. IS, TS and FS are illustrated, and the energy difference (Δ*E*) between the Pt dimer and two dispersive Pt atoms in the NMC substrate is shown. C, N and Pt atoms are depicted as brown, blue and light blue spheres, respectively. The DFT-optimized structures are illustrated, and Δ*G*~H~ of hydrogen evolution on Pt (111) is shown for comparison. The calculated activation barriers of H--H association reaction in Pt~1~/NMC-SV are in good agreement with the previously published data.[@cit26] C, N, Pt and H atoms are represented as brown, blue, light blue and red spheres, respectively.](c8sc04986f-f4){#fig4}

The Gibbs free energy (Δ*G*~H~) of the adsorbed hydrogen atom is widely used to assess the HER catalytic activity of a catalyst, and a catalyst with high HER performance normally binds a H atom neither too weakly nor too strongly. With a catalyst, whose size is reduced to the atomic scale, each Pt single atom may offer an active site. To better understand the higher HER performance of the Pt~1~/NMC system, compared to the commercial Pt/C catalyst, we systematically calculated the Δ*G*~H~ for H adsorption on Pt~1~/NMC-DV and Pt~1~/NMC-EV sites as well as on the Pt (111) surface for comparison. As shown in [Fig. 4b](#fig4){ref-type="fig"}, the Δ*G*~H~ for a H atom adsorbed on the Pt~1~/NMC-DV/EV system was nearly zero. Specifically, the optimal Δ*G*~H~ for Pt at NMC-DV sites was Pt~DV~(1H) ∼ --0.011 eV, while those at NMC-EV sites were Pt~EV~(2H) ∼ 0.006 eV and Pt~EV~(3H) ∼ --0.043 eV (Fig. S19--S20[†](#fn1){ref-type="fn"}). The atomic H adsorbed onto Pt~DV~/Pt~EV~ clearly exhibited better Δ*G*~H~ than that adsorbed onto the Pt(111) surface, thus confirming that the atomically dispersed Pt has enhanced HER catalytic activity, which is in accordance with the electrochemical experiments. Interestingly, the active sites on NMC-DV, NMC-EV and NMC-SV surfaces near the single Pt atom may bind several H atoms, which indicates that the hydrogen production on Pt~1~/NMC-DV and Pt~1~/NMC-EV systems may also follow the Tafel mechanism. This is especially feasible for the Pt~1~/NMC-SV system, whose site had a relatively larger binding strength (Fig. S21[†](#fn1){ref-type="fn"}), which however, became weaker from --1.187 eV to --0.486 eV when H coverage was increased.

The reaction kinetics shown in [Fig. 4c](#fig4){ref-type="fig"} indicate that the HER activation barrier on the defective NMC substrate was lower than that on Pt (111). Compared to the barrier of 0.85 eV on Pt (111),[@cit43],[@cit44] the barrier on Pt~1~/NMC-SV was decreased to 0.641 eV, whereas that on Pt~1~/NMC-DV was decreased to 0.414 eV. Notably, the H--H association reaction on the Pt~1~/NMC-EV surface had no barrier at low H coverage. Based on these experimental observations and DFT calculations, the HER performance of atomically dispersed Pt in the NMC substrate is superior to that of commercial Pt/C, and nearly every single Pt atom on the defective NMC surface contributes to the HER activity. To further understand the high HER performance of the atomically dispersed Pt adsorbed onto the defective NMC substrate at the electronic level, the PDOS of Pt~1~/NMC-DV (Fig. S22[†](#fn1){ref-type="fn"}) and Pt~1~/NMC-EV (Fig. S23[†](#fn1){ref-type="fn"}) before and after H adsorption was calculated. The data showed that before H atom adsorption, the 5d-orbitals of Pt are strongly hybridized with C 2p or N 2p orbitals, and charges are transferred from Pt to the corresponding C and N atoms, while unoccupied 5d-orbitals of Pt provide a good platform to promote HER performances. Upon H adsorption, electrons are transferred from H to Pt~1~/NMC-DV and Pt~1~/NMC-EV, and the 5d-orbitals of Pt shift towards low energy and in turn interact strongly with the 1s orbital of the H atom below the Fermi level, thus giving rise to electron pairing and the formation of reactive hydrogen intermediates (Table S7[†](#fn1){ref-type="fn"}). However, based on Bader charge analysis, the number of electrons transferred to the substrate in Pt~1~/NMC-EV is increased (Table S8[†](#fn1){ref-type="fn"}), thereby enhancing the stability of the Pt~1~/NMC-EV system for durable H~2~ production. Overall, the significant changes in the electronic characteristics of Pt~1~/NMC-DV and Pt~1~/NMC-EV systems are responsible for the enhanced HER activity.

Conclusions
===========

In conclusion, we designed and carried out ultralow-temperature photochemical reactions. We discovered that ultralow reaction temperature could efficiently suppress the nucleation and aggregation of isolated metal atoms in solution and in turn generate atomically dispersed metal materials. HADDF-STEM and XAFS confirmed that the isolated Pt atoms were dominant in NMC. The evaluation of the electrocatalytic hydrogen evolution reaction revealed that the atomically dispersed Pt adsorbed on the NMC catalyst had superior catalytic performances with excellent durability, compared with commercial Pt/C. Low overpotential (approximately 55 mV) was achieved at a current density of 100 mA cm^--2^, and almost no decay of Pt~1~/NMC was observed after 5000 CV cycles in 0.5 M H~2~SO~4~. This ultralow reaction temperature design can further be applied to other reactions of nanocrystals and products, from which atomically dispersed metal materials and special-structured products with enhanced performances can be obtained.
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